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A series of 3- and 3,4-substituted pyrroles and thiophenes with electron-withdrawing carboranyl-
methylphenyl groups has been synthesized in high yields via the coupling of either pyrrole- and
thiopheneboronic acids with carboranylmethylphenyl halides or bromo-functionalized pyrroles with
carboranylmethylphenylboronic acid. Some of these compounds were efficiently electropolymerized in
acetonitrile or dichloromethane. The resulting conducting polymer films were reversibly p-doped in the
range 0.0-0.25 V vs Ag/Ag" 1072 M for the pyrrole-based polymers and p-/n-doped at ca. 0.60 and
—1.90 V for the thiophene-based polymers. As a consequence of the presence of the carborane cages,
the electroactivity of the polythiophenes was not degraded when highly oxidizing potentials (up to 2.0
V) were applied. In contrast, the polypyrrole derivatives were rendered totally electroinactive under similar
conditions. The UV-vis spectroscopy analysis of the electrogenerated polymers revealed that the
introduction of carborane cages resulted in either an enhancement or a stabilization of the mean conjugation
length of the resulting polymers in comparison with the reference phenyl-substituted polypyrrole and
polythiophene. In addition, these functionalized materials show unusual thermal stability for conducting
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polymers with a mass loss less than 10% up to 500 °C, under an inert atmosphere.

1. Introduction

Heterocyclic conjugated polymers, such as polypyrrole and
polythiophene, have important applications as conducting
electroactive materials, in electrochemical switching, energy
storage and conversion, photovoltaics, electrochromic win-
dows, electromechanical devices, and in chemical and
physical sensing.'™ The electrochemical polymerization of
pyrrole and thiophene monomers is a fast and reliable method
for the generation of functional polymers onto a conducting
surface, with a desired thickness. Both macro- and micro-
electrodes of different shapes and with thicknesses ranging
from nanometers to micrometers have been used for the
electrodeposition of uniform films.>® The conductivity
properties of the electrogenerated polymers obviously de-
pends on the structure of the monomers used and on their
stability under the polymerization conditions. In particular,
it has been observed that the functionalization of pyrrole and
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thiophene monomers at the 3- and/or 4-positions with
electron-withdrawing group(s) linked via conjugated bridges
significantly decreases the polymerization potential and
consequently the overoxidation of the forming polymer,
while increasing the photovoltaic polymer performance.’ The
functionalization of conjugated polymers with organoborane
groups is particularly attractive because of their electron-
deficient nature.'® For example, it was recently reported that
the introduction of dimesitylboryl groups at the periphery
of thiophenes significantly decreases the LUMO energy
levels of the resulting polymers, as it was evidenced by strong
bathochromic shifts in the absorption and emission spectra
as well as by the observation of reversible reduction waves
occurring at significantly less cathodic potentials.'! Our group
has been interested in the preparation of conducting elec-
troactive polypyrroles from carboranyl-substituted pyrroles.'*'*
Carboranes, in both neutral and anionic forms, are boron
clusters with delocalized electrons and unique properties
including high hydrophobic character and remarkable high
chemical stability. Several carborane-containing organic
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molecules have been synthesized in the past decades, and
some of these are currently finding applications in medicine'>'®
and in material science.'’~'® It has been generally observed
that the presence of carborane group(s) increases the thermal
and chemical stability of the host molecules and enhances
their photo- and electrochemical properties. Several polymers
containing carborane groups, usually linked to the host
molecule by aromatic spacers, have been synthesized and
characterized.'> 42926 [ general, these materials show high
resistance to oxidation and remarkable thermal and photo-
chemical stabilities. Furthermore, the presence of carborane
groups within an electronically conducting polymer film,
either as immobilized doping anions or covalently bonded,
has been shown to reduce the communication between the
electrolyte anions and the polymer backbone due to their
large size and high hydrophobicity. In addition, the electron-
deficient nature of carborane groups could significantly
reduce the energy of the m—s* transitions. We'*!'? and
others**?* have recently reported that redox-active polypyr-
roles containing covalently linked carborane groups exhibit
higher electrochemical stability and overoxidation resistance
compared to unsubstituted polypyrrole. Herein we report the
synthesis and electropolymerization of a new series of 3-
and 3,4-substituted pyrroles and thiophenes with neutral and
anionic carborane groups, linked by phenylmethyl bridges.
Our general methodology to these types of molecules
involves palladium-catalyzed cross-coupling reactions be-
tween readily available pyrrole and thiophene boronic acids
and carboranylaryl halides. The polymerization conditions
and electrochemical characterization of the polymers gener-
ated from this series of compounds are compared and
discussed. It is known that thiophene monomers undergo
electropolymerization via radical cation intermediates rather
than radical anions as in the case of pyrrole monomers. Since
radical cations are normally generated at higher oxidation
potentials, the electrochemical polymerization of thiophenes
is a more challenging process due to overoxidation.?’>* Also
of interest, their electrochemical resistance to oxidizing
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potentials is examined as a function of the nature of the
polymer matrix and the number of linked carborane cages
per monomer unit. Finally, the UV—-vis spectroscopy and
TGA characterizations of the functionalized polymers are
also reported in order to obtain further insights into their
electronic properties and their thermal stability.

2. Experimental Section

2.1. Synthesis. All reactions were monitored by TLC using 0.25
mm silica gel plates with or without UV indicator (60F-254).
Carborane was detected by emerging into PdCl, in aqueous HCI
solution (1 g PdCl, in 80 mL of water and 20 mL of concentrated
HCI solution) and heated to see black spot on TLC. Silica gel
(Sorbent Technologies, 32-63 um) was used for flash column
chromatography. 'H and '*C NMR were obtained on either a DPX-
250 or an ARX-300 Bruker spectrometer. Chemical shifts (J) are
given in ppm relative to CDCl; (7.26 ppm, 'H) or CD,Cl, (5.32
ppm, "H) unless otherwise indicated. Electronic absorption spectra
were measured on a Perkin-Elmer Lambda 35 UV-vis spectropho-
tometer. MALDI-TOF mass spectra were obtained on an Applied
Biosystems QSTAR XL, using the positive method with dithranol
as matrix unless otherwise indicated. Unless otherwise noted,
materials obtained from commercial suppliers were used without
further purification. Compounds 12** and 17** were prepared
according to the literature.

2.1.1. Carboranylboronic Ester 2. A solution of 1-methyl-o-
carborane (530 mg, 3.35 mmol) in dry THF (15 mL) in a 100 mL
Schlenk tube equipped with a magnetic stirrer was cooled to 0 °C
with an ice bath. A solution of n-butyllithium (3.69 mmol, 2.5 M
solution in hexane) was added dropwise at O °C. The final mixture
was warmed to room temperature and stirred for 1 h before being
cooled to —78 °C. A solution of compound 1 (1.00 g, 3.35 mmol)
in dry THF (5 mL) was added dropwise to the reaction mixture at
—78 °C. The final mixture was warmed to room temperature and
stirred overnight until complete disappearance of the starting
materials by TLC analysis. The mixture was poured into 50 mL of
brine and extracted with ethyl acetate (3 x 50 mL) and dried over
anhydrous Na,SOj, and the resulting residue was purified by column
chromatography on silica gel, using CH,Cl,/hexane 1:1 for elution.
The title compound was obtained as a white powder (1.15 g) in
91% yield. "H NMR (300 MHz, CDCl;): 6 7.85 (2H, d, J = 7.76
Hz), 7.23 (2H, d, J = 7.81 Hz), 3.49 (2H, s), 2.19 (3H, s), 1.5-3.5
(10H, br), 1.41 (12H, s). *C NMR (75 MHz, CDCl;): ¢ 139.5,
136.6, 131.3, 85.6, 79.0, 78.3, 42.9, 26.5, 25.3. HRMS (ESI) [M -
C,H(CH3)4] 2 291.2535, caled for CoHy0B1102: 291.2565.

2.1.2. Carboranylboronic Acid 3. To a mixture of boronic ester
2 (187 mg, 0.50 mmol), NalO,4 (321 mg, 1.5 mmol) and ammonium
acetate (116 mg, 1.5 mmol) were added 15 mL of acetone and 5
mL of water. The reaction mixture was stirred overnight at room
temperature and under air until complete disappearance of boronic
ester 2 by TLC analysis. The mixture was poured into 25 mL of
water and extracted with ethyl acetate (3 x 30 mL). The organic
layers were dried over anhydrous Na,SO,, concentrated under
vacuum, and washed with hexane. The resulting residue was dried
under vacuum to yield the title compound as a white powder (130.1
mg) in 89% yield. "H NMR (300 MHz, DMSO-d): ¢ 8.06 (2H,
s), 7.74 2H, d, J=7.75 Hz), 7.21 (2H, d, J/ = 7.86 Hz), 3.32 (2H,
s), 2.21 (3H, s), 1.5-3.5 (10H, br). '*C NMR (75 MHz, DMSO-
de): 0 137.2,134.1,129.5,78.9, 76.4,75.2, 40.5, 22.9. HRMS (ESI)
[M — H] : 291.2566, calcd for C;oH0B110,: 291.2565.

2.1.3. Dicarboranylpyrrole 5. 1-(Triisopropylsilyl)-3,4-dibro-
mopyrrole 4 (460 mg, 1.24 mmol), boronic ester 2 (1.15 g, 3.02
mmol), and tetrakis(triphenylphosphine)palladium (138 mg, 0.12
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mmol) were added to a 250 mL Schlenk tube. The reaction tube
was vacuumed and refilled with argon three times. Then toluene
(20 mL), methanol (4 mL), and 1 mL of 2 M NaHCOj; solution
were added via syringe at —78 °C. The reaction mixture was
“pumped free throw” three times to remove air and stirred at 70
°C under argon for 2 days. The mixture was cooled to room
temperature and poured into 100 mL of brine and extracted with
ethyl acetate (3 x 100 mL). The organic layers were dried over
anhydrous Na,SO, and concentrated under vacuum. The resulting
residue was dissolved in 20 mL of THF, and 1.25 mL of BusNF
solution (1.0 M in THF) was added at O °C. The reaction mixture
was stirred 0 °C for 20 min before being poured into 100 mL of
water and extracted with ethyl acetate (3 x 100 mL). The organic
layers were dried over anhydrous Na,SO, and concentrated under
vacuum. The residue was purified by column chromatography on
silica gel, using ethyl acetate/hexane 1:4 for elution. The title pyrrole
was obtained as a white powder (222 mg) in 32% yield. '"H NMR
(300 MHz, CDCl5): ¢ 8.28 (1H, br), 7.18-7.21 (4H, m), 7.05-7.08
(4H, m), 6.94 (2H, d, J = 2.69 Hz), 3.45 (4H, s), 2.16 (6H, s),
1.5-3.5 (20H, br). MALDI-TOF [M + H]": 560.74, calcd for
C24H4BooN: 560.82. HRMS (ESI) [M — H]: 558.5032, calcd for
C24H40B20N3 558.5167.

2.1.4. N-Triisopropylsilylcarboranylpyrrole 7. 1-(Triisopropyl-
silyl)pyrrole-3-boronic acid 9 (147 mg, 0.55 mmol), iodide 10 (188
mg, 0.50 mmol), and tetrakis(triphenylphosphine)palladium (58 mg,
0.05 mmol) were added to a 50 mL Schlenk tube. The reaction
tube was vacuumed and refilled with argon three times. Toluene
(10 mL), methanol (2 mL), and 0.5 mL of 2 M Na,CO; solution
were added via syringe at —78 °C. The reaction mixture was then
“pumped free throw” three times to remove air and then stirred at
80 °C under argon for 20 h until complete disappearance of iodide
10 by TLC analysis. The mixture was cooled to room temperature,
poured into 50 mL of brine, and extracted with ethyl acetate (3 x
50 mL). The organic layers were dried over anhydrous Na,SO,
and concentrated under vacuum. The residue was purified by
column chromatography on alumina grade III, using 15% ethyl
acetate in hexane for elution. The title pyrrole was obtained as a
white powder (209 mg) in 89% yield. "H NMR (300 MHz, CDCl;):
0 7.50 (2H, d, J = 8.19 Hz), 7.13 (2H, d, J = 8.31 Hz), 7.10 (1H,
m), 6.82 (1H, m), 6.61 (1H, m), 3.45 (2H, s), 2.16 (3H, s), 1.5-3.5
(10H, br), 1.41 (3H, s), 1.11 (18H, m). MALDI-TOF [M + H]*:
470.745, caled for C3HauBoNSi: 470.782. HRMS (ESI) [M +
Na]*: 492.4086, calcd for Co3Hu3B oNSiNa: 492.4078.

2.1.5. Monocarboranylpyrrole 8. Pyrrole 7 (47 mg, 0.10 mmol)
was dissolved in 5 mL of THF, and this solution was cooled to 0
°C with an ice bath. Then, 0.10 mL of BuyNF solution (1.0 M in
THF) was added at 0 °C, and the reaction mixture was stirred at O
°C for 15 min. The mixture was poured into 25 mL of water and
extracted with ethyl acetate (3 x 25 mL). The organic layers were
dried over anhydrous Na,SO, and concentrated under vacuum. The
residue was purified by silica gel column chromatography using
ethyl acetate/hexane 1:5 for elution. The title compound was
obtained as a white powder (29.8 mg) in 95% yield. "H NMR (250
MHz, CD,Cl,): 6 8.43 (1H, br), 7.53 (2H, d, J = 8.19 Hz), 7.15
(2H, d, J = 8.31 Hz), 7.14 (1H, m), 6.84 (1H, m), 6.53 (1H, m),
3.48 (2H, s), 2.18 (3H, s), 1.5-3.5 (10H, br). '*C NMR (75 MHz,
CD,Cly): 6 136.1, 132.5, 131.0, 125.4, 124.4, 119.4, 115.2, 106.6,
78.8, 75.7, 41.2, 23.9. MALDI-TOF [M + H]": 314.367, calcd
for Cy4H24BoN: 314.442. HRMS (ESI) [M — H] : 312.2721, caled
for Ci4H2,BoN: 312.2721.

2.1.6. 4-(Carboranylmethyl)phenyl lodide 10. 1-Methyl-o-car-
borane (325 mg, 2.05 mmol) was dissolved in dry THF (15 mL) in
a 100 mL Schlenk reaction tube equipped with magnetic stirring
and cooled to 0 °C with an ice bath. 1.00 mL of n-butyllithium

Chem. Mater., Vol. 19, No. 25, 2007 6197

solution (2.50 mmol, 2.5 M solution in hexane) was added dropwise
at 0 °C, and the final mixture was warmed to room temperature
and stirred for 1 h. The reaction solution was cooled to —78 °C,
and 4-bromomethyliodobenzene (606 mg, 2.05 mmol) dissolved
in 5 mL of dry THF was added dropwise. The final reaction mixture
was warmed to room temperature and stirred overnight until
complete disappearance of the starting materials by TLC analysis.
The mixture was poured into 50 mL of brine and extracted with
ethyl acetate (3 x 50 mL). The organic layers were dried over
anhydrous Na,SO, and concentrated under vacuum, and the
resulting residue was purified by column chromatography on silica
gel, using 15% ethyl acetate in hexane for elution. The title pyrrole
was obtained as a white powder (606 mg) in 79% yield. '"H NMR
(250 MHz, CDCl3): 6 7.67 (2H, d, J = 8.09 Hz), 6.92 (2H, d, J =
8.07 Hz), 3.39 (2H, s), 2.15 (3H, s), 1.5-3.5 (10H, br). '*C NMR
(75 MHz, CDCl;): 6 138.2, 134.9, 132.6, 94.3, 76.8, 74.8, 41.1,
24.1. HRMS (ESI) [M - H]: 373.1487, caled for C;oHsBol:
373.1462.

2.1.7. Dicarboranylpyrrole 11. 1-(Triisopropylsilyl)pyrrole-3-
boronic acid 9 (547 mg, 2.05 mmol), dicarboranylbromobenzene
12 (996 mg, 2.00 mmol), and tetrakis(triphenylphosphine)palladium
(116 mg, 0.10 mmol) were added to a 250 mL Schlenk tube. The
reaction tube was vacuumed and refilled with argon three times.
Toluene (40 mL), methanol (8 mL), and 4 mL of 2 M Na,CO3
solution were added via syringe at —78 °C, and the final mixture
was “pumped free throw” three times to remove air. The reaction
mixture was stirred at 80 °C under argon for 20 h until complete
disappearance of compound 12 by TLC. The mixture was cooled
to room temperature, poured into 150 mL of brine, and extracted
with ethyl acetate (3 x 150 mL). The organic layers were dried
over anhydrous Na,SO, and concentrated under vacuum, and the
resulting residue was purified by column chromatography on silica
gel, using 15% ethyl acetate in hexane for elution. The N-
triisopropylsilylpyrrole was obtained as a white powder (1.11 g)
in 87% yield. '"H NMR (300 MHz, CDCl;): 6 7.26 (2H, s), 7.03
(1H, m), 6.83 (1H, s), 6.78 (1H, m), 6.58 (1H, m), 3.47 (4H, s),
2.19 (6H, s), 1.5-3.5 (20H, br), 1.46 (3H, s), 1.13 (18H, m).
MALDI-TOF [M + H]": 641.21, calcd for Co7HsgBoNSi: 641.05.
A solution of the N-protected pyrrole (640 mg, 1.00 mmol) in 25
mL of THF was cooled to 0 °C. 1.1 mL of BuyNF solution (1.0 M
in THF) was added dropwise, and the final mixture was stirred at
0 °C for 15 min. The reaction mixture was poured into 25 mL of
water and extracted with ethyl acetate (3 x 100 mL); the organic
layers were dried over Na,SO4 and concentrated under vacuum.
The resulting residue was purified by column chromatography on
silica gel, using CH,Cl, for elution. The title pyrrole was obtained
as a white powder (465 mg) in 96% yield. '"H NMR (300 MHz,
DMSO-dg): 0 11.00 (1H, s), 7.37 (2H, s), 7.23 (1H, m), 6.90 (1H,
s), 6.81 (1H, m), 6.43 (1H, m), 3.61 (4H, s), 2.25 (6H, s), 1.5-3.5
(20H, br). MALDI-TOF [M + H]": 484.57, calcd for C;sH3gB2oN:
484.72. HRMS (ESI) [M — H] : 482.4882 calcd for CigH36BoN:
482.4854.

2.1.8. Carboranylthiophene 14. 3-Boronic acid thiophene 13
(274 mg, 2.15 mmol), bromobenzene 10 (655 mg, 2.00 mmol),
and tetrakis(triphenylphosphine)palladium (116 mg, 0.10 mmol)
were added in a 250 mL Schlenk tube. The reaction tube was
vacuumed and refilled with argon three times. Toluene (40 mL),
methanol (8 mL), and 4 mL of 2 M Na,CO; solution were added
via syringe at —78 °C, and the final mixture was “pumped free
throw” three times to remove air, before being stirred at 80 °C
under argon for 24 h, until complete disappearance of 10 (R = Br)
by TLC. The mixture was cooled to room temperature, poured into
150 mL of brine, and extracted with ethyl acetate (3 x 100 mL).
The organic layers were dried over Na,SO,4 and concentrated under
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Table 1. Crystal Data, Data Collection, and Refinement Parameters for Compounds 3, 10 (R = I), and 14

compound 3 10 14
CCDC deposit no. CCDC 649989 CCDC 649990 CCDC 649991
formula CmHg]B 1 102 ‘CzH@OS C10H19B1()I C14H22B los
color/shape colorless plate colorless lath colorless lath
formula weight 370.31 374.25 330.48
crystal system monoclinic monoclinic monoclinic
space group P2\/c P2\/c P2\/c
temp, K 90 115 90
cell constants
a, A 19.767(2) 17.049(3) 18.803(3)
b, A 7.6608(10) 7.9948(11) 7.8137(12)
c, A 14.602(2) 12.027(2) 12.159(2)
£, deg 111.660(6) 103.844(7) 101.279(7)
cell volume, A3 2055.1(4) 1591.7(4) 1751.9(5)
formula units/unit cell 4 4 4
Deae, g cm ™ 1.197 1.562 1.253
Ueale» cm ! 1.67 19.91 1.76
diffractometer/scan Nonius KappaCCD/w Nonius KappaCCD/w Nonius KappaCCD/w
radiation, graphite monochr Mo Ka (1 = 0.71073 A) Mo Ka Mo Ka
crystal dimensions, mm 0.03 x 0.27 x 0.35 0.08 x 0.25 x 0.32 0.07 x 0.15 x 0.40
min, max transmission 0.944, 0.995 0.568, 0.857 0.933, 0.988
reflections measured 33530 19894 19953
Rint 0.038 0.016 0.025
independent reflections 5295 4454 5425
26 range, deg 50 <20 <574 5.0 <260 <610 5 <20 <616
range of h,k,l +26, £10, +19 +23, £10, 16 +27, £10, £17
reflctns observed, I > 20(I) 3856 4120 4272
data/parameters 5295/254 4454/192 5425/236
R (obs) 0.044 0.025 0.046
R (all data) 0.071 0.028 0.064
Ry, F? (all data) 0.115 0.061 0.119
H atom treatment constr, OH refined constrained constrained
GOF 1.034 1.037 1.022
max resid peaks (e A~%) 0.31, —0.34 0.60, —1.04 0.42, —0.27

vacuum. The resulting residue was purified by column chromatog-
raphy on silica gel, using ethyl acetate/hexane 1:9 for elution. The
title thiophene was obtained as a white powder (620 mg) in 94%
yield. "H NMR (300 MHz, CD,Cl,): 6 7.60 (2H, d, J = 7.69 Hz),
7.52-7.53 (1H, m), 7.43-7.44 (2H, m), 7.24 (2H, d, J = 7.91 Hz),
3.51 (2H, s), 2.19 (3H, s), 1.5-3.5 (10H, br). '*C NMR (75 MHz,
CD,Cl,): 0 141.8, 135.8, 134.4, 131.2, 126.8, 126.8, 126.7, 125.5,
121.0, 78.3, 75.7, 41.1, 23.9. MALDI-TOF [M + H]": 331.65,
calcd for C14H23B1()SZ 331.50.

2.1.9. Dicarboranylthiophene 15. 3-Boronic acid thiophene 13
(140 mg, 1.10 mmol), bromobenzene 12 (497 mg, 1.00 mmol),
and tetrakis(triphenylphosphine)palladium (58 mg, 0.05 mmol) were
added into a 250 mL Schlenk tube. The reaction tube was vacuumed
and refilled with argon three times before toluene (20 mL), methanol
(4 mL), and 2 mL of 2 M Na,COjs solution were added via syringe
at —78 °C. The reaction mixture was “pumped free throw” three
times to remove air and stirred at 80 °C under argon for 24 h until
complete disappearance of 12 by TLC. The mixture was cooled to
room temperature, poured into 100 mL of brine, and extracted with
ethyl acetate (3 x 100 mL), and the organic layers were dried over
anhydrous Na,SO, and concentrated under vacuum. The resulting
residue was purified by column chromatography on silica gel, using
ethyl acetate/hexane 1:9 for elution. The title thiophene was obtained
as a white powder (461 mg) in 92% yield. 'H NMR (300 MHz,
CDCly): 0 7.42-7.47 (1H, m), 7.35-7.37 (2H, m), 7.24 (2H, s),
6.92(1H, m), 3.50 (4H, s), 2.18 (6H, s), 1.5-3.5 (20H, br). MALDI-
TOF [M + HJ™": 501.89, caled for C1gH37B20S: 501.77.

2.1.9. Nido-carboranylthiophene 16. To a solution of thiophene
14 (331 mg, 1.00 mmol) in 50 mL of THF was added 2.1 mL of
a n-BuyNF solution (1.0 M in THF). The final mixture was stirred
at 60 °C for 2 h, then poured into 50 mL of water, and extracted
with ethyl acetate (3 x 50 mL). The organic layers were dried over
anhydrous Na,SO, and concentrated under vacuum. The resulting
residue was purified by column chromatography on silica gel using

ethyl acetate for elution. The title thiophene was obtained as a white
powder (505 mg) in 90% yield. "H NMR (300 MHz, acetone-ds):
0 7.66-7.67 (1H, m), 7.57-7.60 (2H, m), 7.51-7.53 (2H, m),
7.36-7.39 (2H, m), 3.30-3.39 (8H, m), 3.27 (2H, s), 2.11 (3H, s),
1.76-1.81 (8H, m), 1.5-3.5 (9H, br), 1.40-1.44 (8H, m), 0.91-0.98
(t, 12H), —2.35 (1H, br s, B-H-B). MALDI-TOF [M — NBu,]*:
320.87, calcd for C14H»»BoS: 320.69.

2.2. X-ray Data Collection and Structure Determination.
Intensity data were collected at low temperature for compounds 3,
10, and 14, using graphite monochromated Mo Ka radiation (A =
0.710 73 A) on a Nonius KappaCCD diffractometer fitted with an
Oxford Cryostream cooler. Data reduction included absorption
corrections by the multiscan method. Crystal data and experimental
details are given in Table 1. Structures were solved by direct
methods and refined by full-matrix least-squares based on FZ, using
SHELXL97.>° C-H hydrogen atoms were treated as riding in
idealized positions, and O—H hydrogen atoms for compound 3 were
refined. Compound 14 has disorder in its thiophene rings, involving
a 2-fold rotation about the bond connecting the phenyl and
thiophene rings. Thus, S and C swap positions with approximately
1:1 occupation (refined values 0.519(2):0.481(2)). All residual
electron density peaks greater than 1 ¢ A~ in 10 were located
near the iodine position.

2.3. Electrochemical Characterization. Tetra-n-butylammo-
nium hexafluorophosphate (BusNPFs) was purchased from Fluka
(puriss, electrochemical grade). Acetonitrile (Merck) was freshly
distilled over calcium hydride prior to use. The electrolytic medium
was dried in situ over activated, neutral alumina from Aldrich.
Alumina was previously activated at 450 °C under vacuum for
several hours.

(30) Sheldrick, G. M. SHELXL97: Program for the Refinement of Crystal
Structures; University of Gottingen: Gottingen, Germany, 1997.
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Scheme 1. Reaction conditions: (a) 1-methyl-o-carborane,
"BuLi, THF (91%); (b) NalO4, NH4OAc, acetone/water, rt
89%)

B a

CH,Br
1

Linear potential sweep cyclic voltammetry experiments were
performed with an Autolab PGSTAT 20 potentiostat from Eco
Chemie B.V., equipped with General Purpose Electrochemical
System (GPES) software (version 4.5 for Windows). The working
electrode was a 1 mm diameter platinum disk (area: 0.8 mm?), and
the counter electrode was a glassy carbon rod. Potentials were
relative to the system 1072 M Ag*IAg in acetonitrile (+0.29 V vs
aqueous SCE). Solution resistance was compensated by positive
feedback. All electrochemical measurements were carried out at
room temperature (20 £ 2 °C) and under a constant flow of argon.

2.4. UV-vis Spectroelectrochemistry. UV-vis absorption spec-
tra were recorded on a Shimadzu Multispec-1501 spectrophotometer
(190-1100 nm scan range) interfaced with a microcomputer for
data acquisition, and quartz Suprasil cells from Hellma (1 cm path
length) were used. The polymer films were grown on an indium
tin oxide (ITO)-coated glass slide electrode.

2.5. TGA. TGA measurements were performed under a nitrogen
atmosphere with a Setaram TGA/TDA/DSC balance using a

platinum container and a temperature ramp of 10 °C min~".

3. Results and Discussion

3.1. Synthesis of Carboranylboronic Acid 3. The cross-
coupling of organometallic reagents with organic halides and
related electrophiles is an efficient methodology for the
generation of new carbon—carbon bonds. Carboranyllithium
and carboranylcopper lithium reagents have been reported,
but their synthetic applications are limited due to the harsh
reaction conditions normally associated with these reagents.
For example, the reaction of carboranylcopper lithium
complex with meso-tetraphenylporphyrin provided only 7%
yield of the desired carboranyl-substituted product, even after
12 days refluxing in diglyme.*' Carboranyltrialkyltin reagents
have been shown to react with aldehydes forming the
corresponding addition products,®” but these reagents have
shown limited application in palladium-catalyzed cross-
coupling reactions with aryl halides. We therefore decided
to synthesize a carboranyl-substituted boronic acid and to
investigate its usefulness in the preparation of carboranyl
pyrroles and thiophenes. We have previously reported the
preparation of carboranyl-substituted pyrroles,>*** but our
synthetic routes involved 4-6 steps and consequently pro-

(31) Frixa, C.; Mahon, M. F.; Thompson, A. S.; Threadgill, M. D.
Tetrahedron Lett. 2002, 43, 1557.

(32) Nakamura, H.; Sadayori, N.; Sekido, M.; Yamamoto, Y. J. Chem.
Soc., Chem. Commun. 1994, 2581.

(33) Chayer, S.; Jaquinod, L.; Smith, K. M.; Vicente, M. G. H. Tetrahedron
Lett. 2001, 42, 7759.
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Figure 1. Molecular structure of boronic acid 3.

duced the target molecules in low overall yields. An
alternative synthesis of these molecules would be via
palladium-catalyzed cross-coupling reactions between readily
accessible bromopyrroles and a carboranyl-substituted bo-
ronic acid.* Since the preparation of I-boronic acid-o-
carborane from o-carborane and B(OCHs3); suffered from
very low yields, we decided to synthesize boronic acid 3
bearing a methylphenyl spacer between the carborane and
the boronic acid groups. The presence of this spacer did not
only dramatically increase the yield of the target molecule
but also minimized the steric hindrance effect during the
coupling reaction with bromopyrroles (vide infra).
Carboranylboronic acid 3 was synthesized using the route
shown in Scheme 1, from commercially available 1 and
1-methyl-o-carborane, via the corresponding boronic ester
2 in 80% overall yield. The oxidation and hydrolysis of
boronic ester 2 using sodium periodate in the presence of
aqueous ammonium acetate’® gave 3 in 89% overall yield.
When the hydrolysis step was accomplished under acidic
conditions, using 2 N HCI instead of aqueous ammonium
acetate, lower yields of boronic acid 3 were obtained.®
Under the acidic hydrolysis conditions the side product
4-(methylcarboranyl)methylphenyl iodide (10, R = I, vide
infra) was obtained. Compounds 2 and 3 were characterized
by NMR, MS, and, in the case of 3, by X-ray crystallography.
Figure 1 shows the structure of carboranyl boronic acid 3.
The B(OH), moiety is twisted out of the phenyl plane by
33.5(2)° and has the expected conformation, in which one
OH group is oriented syn and the other anti. The compound
crystallizes as the 1:1 solvate with DMSO, and both OH
groups form near-linear hydrogen bonds with DMSO oxygen
(00 2.739(2) and 2.823(2) A), one of which is shown in
Figure 1. Both 2 and 3 were used in the palladium(0)-
catalyzed cross-coupling reactions with bromopyrroles.
3.2. Synthesis of Carboranylpyrroles. The synthesis of
carbon—carbon-linked carboranyl-substituted organic mol-
ecules can be achieved via nucleophilic substitution reactions

(34) Clark, J. C.; Fronczek, F. R.; Vicente, M. G. H. Tetrahedron Lett.
2005, 46, 2365.

(35) Hao, E. H.; Fronczek, F. R.; Vicente, M. G. H. Chem. Commun. 2006,
4900.

(36) Yu, S.; Saenz, J.; Srirangam, J. K. J. Org. Chem. 2002, 67, 1699.
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Scheme 2. Reaction conditions: (a) compound 2 or 3,
Pd(PPh3);, NaHCO3, toluene/methanol 5:1; (b) BuyNF, THF,
0 °C (32% overall)

Scheme 3. Reaction conditions: (a) compound 2 or 3,
Pd(PPh3);, NaHCO3;, toluene/methanol 5:1 (17%); (b)
BuyNF, THF, 0 °C (95-100%); (c) Na,COj3, toluene/methanol
5:1 (89%)

6
\
R
B(OH),
4 7: R = Si(Pr)s
[y " 8:R=H
N CH,
Si(iPr)3
9

10R =1orBr

using carboranyllithium and other metal complexes, in low
to moderate yields.>”*! Since these reaction conditions are
not compatible with a variety of base-sensitive functional
groups, another route for the synthesis of carbon—carbon-
linked carboranyl molecules was developed, which involves
the reaction of monosubstituted alkynes with activated
boranes, BioHsLo.**** However, this strategy is also of
limited applicability, usually affording low yields of the target
molecules after long reaction sequences. We envisioned an
alternative synthetic methodology for the preparation of
carboranyl-substituted pyrroles and thiophenes using metal-
catalyzed cross-couplings, as these reactions have found wide
application in organic syntheses and would allow the readily

(37) Cheung, M-S.; Chan, H-S.; Xie, Z. Dalton 2005, 2375.

(38) Zakharkin, L. I.; Kovredou, A. L; Ol’shevskaya, V. A.; Shaugum-bekova,
Z.S. J. Organomet. Chem. 1982, 226, 217.

(39) Zheng, Z.; Jiang, W.; Zinn, A. A.; Knobler, C. B.; Hawthorne, A. F.
Inorg. Chem. 1995, 34, 2095.

(40) Marshall, W. J.; Young, R. J.; Grushin, V. V. Organometallics 2001,
20, 523.

(41) Kultyshev, R. G.; Liu, S.; Leung, H. T.; Liu, J.; Shore, S. G. Inorg.
Chem. 2003, 42, 3199.

(42) Heying, T. L.; Ager, J. W.; Clark, S. L.; Mangold, D. J.; Goldstein,
H. L.; Hillman, M.; Polak, R. J.; Szymanski, J. W. Inorg. Chem. 1963,
2, 1089.

(43) Bregadze, V. 1. Chem. Rev. 1992, 92, 209.

(44) Valliant, J. F.; Guenther, K. J.; King, A. S.; Morel, P.; Schaffer, P.;
Sogbein, O. O.; Stephenson, K. A. Coord. Chem. Rev. 2002, 232,
173.
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Figure 2. Molecular structure of iodide 10.

preparation of a series of pyrrole and thiophene monomers
for structure—property investigations of the corresponding
polymers. Among these cross-coupling reactions, the Suzuki
reaction® is particularly attractive because of its mild
conditions and readily available bromopyrroles and pyrrole-
and thiopheneboronic acids.

Commercially available dibromopyrrole 4 reacted with
carboranylboronic ester 2 or boronic acid 3 in the presence
of Pd(PPh;)4 to produce dicarboranylpyrrole 5, after depro-
tection using tetrabutylammonium fluoride (Scheme 2). The
yield for the coupling reaction depended on the solvent and
base used, and the highest yield (32% overall) was obtained
when NaHCOj; and a 5:1 mixture of toluene and methanol
were used. In anhydrous toluene using either K,COj; or
Na,COs as the base, the reaction was very slow and produced
only ~3% of the target pyrrole 5. This is probably due to
the instability of the N-protected dibromopyrrole 4 under
strongly basic conditions. We have previously reported the
multistep synthesis of 3,4-dicarboranyl-substituted pyrroles
from o-carborane in 21-54% overall yields.'>'**33* In
comparison with our previously reported routes, the new
methodology outlined in Scheme 2 is faster and cheaper.
Furthermore, we did not detect any side deboronation
reactions of the o-carborane cages in the presence of
tetrabutylammonium fluoride, since the cleavage of the
triisopropylsilyl group took place at O °C in 15-20 min.

Using a similar strategy, monobromopyrrole 6 reacted with
boronic ester 2 or with 3 to produce pyrrole 7 in only 17%
yield due to the poor stability of pyrrole 6 under the basic
reaction conditions (Scheme 3). In order to increase the yield
of the target pyrrole 8, an alternative approach was inves-
tigated, involving the coupling of commercially available
pyrrole boronic acid 9 with a carboranyl-aryl halide 10.
Under these conditions the target pyrrole 8 was obtained in
89% yield.* The carboranyl-aryl halides 10 were prepared
in high yield (75-79%) from commercially available bro-
momethyl bromo- or iodobenzene, as we have previously
reported.*® The structure of the new aryl iodide 10 (R = I)
was confirmed by X-ray crystallography (Figure 2). The C-I
distance is 2.0967(18) A, and the iodobenzyl substituent is
oriented essentially anti to a B of the carborane. Torsion
angle B1-C2-C3-C4 is —172.79(15)°, and torsion angle

(45) Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457.
(46) Vicente, M. G. H.; Edwards, B. F.; Shetty, S. J.; Hou, Y.; Boggan,
J. E. Biorg. Med. Chem. 2002, 10, 481.
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Scheme 4. Reaction conditions: (a) Pd(PPh;),, Na,COs3,
toluene/methanol 5:1 (87%); (b) BuyNF, THF, 0 °C (96%)

Scheme 5. Reaction conditions: (a) 10 (R = Br), Pd(PPh;),,

Na,CO;, toluene/methanol 5:1 (94%); (b) BuyNF, THF, 60

°C (90%); (c) 12, Pd(PPhj)y, Na,COs3, toluene/methanol 5:1
92%)

C1-C2-C3-C4 is —103.65(18)°.We have also previously
reported the X-ray structure of pyrrole 7.%

Using a similar synthetic strategy, the dicarboranylpyrrole
11 was prepared from the reaction of 9 with dicarboranyl-
bromobenzene 12 in 89% overall yield (Scheme 4). Com-
pound 12 was prepared from 3,5-dimethylbromobenzene in
two steps, as we have previously reported.*’

3.3. Synthesis of Carboranylthiophenes. The synthesis
of 3-substituted carboranylthiophenes bearing a phenylmethyl
spacer between the carborane and thiophene units is expected
to reduce the oxidative voltage required for polymerization
of these monomers and therefore the so-called ‘“poly-
thiophene paradox” effect.”’2° The synthesis of function-
alized thiophenes is in general easier than that of the analogue
pyrroles because of the higher stability of thiophenes under
a variety of reaction conditions and the shorter reaction
sequences that do not require NH protection and deprotection
steps. Since in the synthesis of carboranylpyrroles under
Suzuki coupling conditions the use of pyrrole-3-boronic acid
9 and aryl halides 10 and 12 gave the highest yields of the
target molecules, we applied a similar methodology to the
preparation of carboranylthiophenes from thiophene-3-bo-
ronic acid (Scheme 5). Under these conditions carboranylth-
iophenes 14 and 15 were obtained in 94% and 92% yields,

(47) Vicente, M. G. H.; Wickramasinghe, A.; Nurco, D. J.; Wang, H. J. H.;
Nawrocky, M. M.; Makar, M. S.; Miura, M. Biorg. Med. Chem. 2003,
11, 3101.
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Figure 3. Molecular structure of carboranylthiophene 14.

Table 2. Cyclic Voltammetry Data of Different
Carboranyl-Substituted Pyrroles and Thiophenes at 10~> M in
CH3CN or CH,Cl; + 10! or 2 x 107! M BuyNPF¢ (Potential Scan
Rate: 0.1 Vs

p-doping/n-doping

compound Ep™ "V AV levels

5 0.96¢ 0.26¢ 0.35-0.40
8 0.84¢ —=0.01°¢ 0.20-0.25
11 0.925° ¢

1.02¢ !
14 1.53¢ 0.63/—1.90¢ 0.04/0.09
15 1.56¢ 0.58/—1.91¢ 0.13/0.02
16 0.56, 0.85 and 1.74¢ 8

“ Irreversible anodic peak potential corresponding to the monomer
oxidation. ” Formal potential corresponding to the reversible p (or
n)-doping/undoping of the electrogenerated conducting polymer (average
of anodic and cathodic peak potentials). “ In CH3CN. “Tn CH,Cl,. € The
compound did not electropolymerize whatever the tested experimental
conditions. / Formation of soluble electroactive oligomers. ¢ Passivation
of the electrode surface occurred.

respectively. The structure of these new compounds was
characterized by NMR, MS, and, in the case of 14, X-ray
crystallography. The molecular structure of thiophene 14 is
shown in Figure 3, in which only one of the two disordered
orientations of the thiophene ring is illustrated. The phenyl
and thiophene rings are nearly coplanar, forming a dihedral
angle of 4(1)°. The conformation of the phenyl substituent
with respect to the carborane is similar to that seen in 10 (R
= I), with relevant torsion angles B-C—C-C 177.0(1)° and
C-C-C-C 108.3(1)°. The crystal data, data collection, and
refinement parameters for compounds 3, 10 (R = I), and 14
are given in Table 1. In order to investigate and compare
the polymer properties resulting from electropolymerization
of thiophenes bearing either a neutral carborane cage or an
anionic nido cage, we prepared nido-carboranylthiophene 16
by deboronation of the o-carborane cage of thiophene 14
using tetrabutylammonium fluoride at 60 °C (Scheme 5).*®

3.4. Electrochemical Characterization of Carborane-
Substituted Monomers and Corresponding Conducting
Polymers. The cyclic voltammetry characterization of car-
borane-substituted pyrroles and thiophenes in CH3CN or
CH,Cl, revealed one irreversible anodic peak in the range
0.84-0.96 and 1.53-1.74 V corresponding to the oxidation
of the pyrrole and thiophene rings, respectively (Table 2).
For thiophene 16, two further irreversible anodic peaks

(48) Fox, M. A.; MacBride, J. A. H.; Wade, K. Polyhedron 1997, 16, 2499.
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Figure 4. Cyclic voltammograms at 0.1 V s™'in CH,Cl, + 2 x 107' M
BuyNPF of 14 (solid line) and 16 (dashed line) at 1072 M.

assigned to the oxidation of the anionic carborane cage were
also observed at less positive potentials (Figure 4).

Among the carboranylpyrroles, the oxidation of 5 and 8
led to the formation of conducting polymer deposits on the
electrode surface. Such films could be electrogenerated either
potentiodynamically or potentiostatically with no significant
effect of the electropolymerization method on their respective
electrochemical responses. As an example, typical cyclic
voltammograms corresponding to the potentiodynamical
electropolymerization of 8 are shown in Figure 5A. The
analysis of poly(8) in a monomer-free electrolytic solution
showed a broad reversible redox system at ca. 0 V corre-
sponding to the p-doping/undoping of the polypyrrole
backbone (Figure 5B). Compared with 8, pyrrole 5 and its
corresponding electrogenerated polymer were oxidized at
more positive potentials as a result of the presence of two
sterically hindered carborane cages, rather than one, on the
pyrrole ring (Table 2). These results are in agreement with
our previous investigations of the electrochemical behavior
of monocarboranylpyrroles, bearing one or two methylene
spacers between the carborane and pyrrole units.'*'* How-
ever, in comparison with poly(3-phenylpyrrole) and poly(3,4-
diphenylpyrrole), poly(5) and poly(8) were found to be more
easily oxidizable which indicates a more conjugated structure,
as was also supported by the UV—vis spectroscopy data (vide
infra). From the integration of the cyclic voltammetry curve,
the p-doping level J, of poly(5) and poly(8) was estimated
respectively at 0.35-0.40 and 0.20-0.25 positive charge per
monomer unit, using eq 1:

20,
PO~ 0,
where Q, is the anodic charge under the polymer voltam-
metric response and Qs is the electropolymerization charge.

In contrast to the readily electropolymerization of 5 and
8, pyrrole 11 did not yield a conducting polymer deposit
under a variety of experimental conditions, for example using
different monomer concentrations, oxidation potentials,
solvents and methods, possibly due to the high steric
hindrance of its 3-dicarboranylmethylphenyl substituent.
However, the electropolymerization of its analogous dicar-
boranylarylthiophene 15 was feasible at high potential values
(1.56 V). Indeed, its electropolymerization potential was very
close to that observed for 14. The electrochemical response
of poly(14) and poly(15) films showed two reversible systems
at ca. 0.60 and —1.90 V corresponding to p- and n-doping

o D
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processes respectively (Figure 6). Surprisingly and unlike
the polypyrrole derivatives, the position of these two systems
was not significantly dependent on the number of carborane
cages on the polythiophene backbone. The electrochemically
determined J, and n-doping levels &, for poly(14) and
poly(15) were significantly different. Values of d, = 0.04
and J, = 0.09 were calculated for poly(14) against 0.13 and
0.02 for poly(15). Globally, the p- and n-doping levels of
these polymers are smaller than those reported for other
poly(3-arylthiophene)s,**>° which demonstrates the promi-
nent role of the carborane cages on the ion transport in these
films. As observed for poly(5), the number of positive
charges along the polythiophene chain was enhanced with
increasing number of grafted carborane groups. These results
cannot be explained solely on the basis of electronic and
steric considerations, as the inverse situation should be
encountered; rather, these values could be due to morpho-
logical differences between the polymers. Perhaps the
presence of two carborane cages per pyrrole or thiophene
ring could favor the formation of more opened polymer
structures and thus facilitate the ion transport through the
film.

In 16, the oxidation of the anionic nido-carborane cage
before that of the aromatic ring inhibited the electropoly-
merization reaction. Instead, passivation of the electrode
surface occurred as revealed by the progressive decrease of
the oxidation current with the number of scans. No visible
film was detected on the electrode surface. These results are
consistent with those reported for 3-substituted pyrroles
bearing anionic carborane groups.'?

The effect of highly positive potentials on the electroac-
tivity of the electrogenerated polymers was also examined.
Polypyrroles and polythiophenes are known to be highly
sensitive to overoxidation®' ™ where, at high potentials, the
electroactivity and conductivity of the polymer films are
degraded as a result of nucleophilic attack on the five-
membered rings. In previous reports, we showed that
the introduction of carborane cages on polypyrrole through
a short alkyl spacer increased its resistance to electrochemical
overoxidation.'*>'* As shown in Figure 7, the use of a
benzylic spacer between the pyrrole and carborane units
resulted in complete destruction of the electroactivity of
poly(5) and poly(8) after two scans until 2.0 V. In contrast,
the overoxidation resistance of poly(14) and poly(15) were
considerably higher, and an electroactivity loss of only
5-10% was observed after five scans. On the other hand, a
similar treatment rendered the parent polythiophene film
totally electroinactive after three scans. The above differences
observed for the polypyrrole and polythiophene derivatives
are not straightforward to explain. It is well-known that
unsubstituted polypyrrole is less stable to increasing oxidizing
potentials than polythiophene with an irreversible overoxi-
dation peak occurring at less positive potentials.”® Moreover,

(49) Guerrero, D. J.; Ren, X.; Ferraris, J. P. Chem. Mater. 1994, 6, 1437.

(50) Sarker, H.; Gofer, Y.; Killian, J. G.; Poehler, T. O.; Searson, P. C.
Synth. Met. 1997, 88, 179.

(51) Beck, F.; Braun, P.; Oberst, M. Ber. Bunsenges. Phys. Chem. 1987,
91, 967.

(52) Barsch, U.; Beck, F. Electrochim. Acta 1996, 41, 1761.

(53) Schlenoff, J. B.; Xu, H. J. Electrochem. Soc. 1992, 139, 2397.
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Figure 5. (A) Successive cyclic voltammograms of 8 at 1072 M in CH;CN + 10~' M BuyNPFs (0.1 V s~ ). (B) Electrochemical response of the electroformed
polymer in CH3;CN + 10~" M BuyNPFg at 0.1 V s™! (electropolymerization charge: 64 mC cm ™ >).
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Figure 6. Cyclic voltammograms at 0.1 V s~ ' of (solid line) poly(14) and
(dashed line) poly(15) in CH,Cl, + 2 x 10~" M BusNPF. The electropo-

lymerization charge is 127 mC cm™ 2.
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Figure 7. Resistance to highly positive potentials of (@) poly(5), (O) poly(8),
(O) poly(14), and (M) poly(15) cycled until 2 V vs Ag/Ag"™ 107> M at 0.1
V s~ I, and I, correspond to the polymer anodic peak current intensities
observed in the nth and first scans, respectively. The electropolymerization
charge is 127 mC cm 2.

it must be noted that the first step in the overoxidation process
is usually a nucleophilic attack of the oxidized aromatic rings
by hydroxide ions present in the electrolytic solution.”' >
Since poly(5) and poly(8) are much more positively doped
than poly(14) and poly(15), it is likely that this reaction is
favored for poly(5) and poly(8).

3.5. UV-vis Spectroscopy Analysis of Polymers. To gain
further insight into the electronic properties of carborane-
substituted polypyrroles and polythiophenes, a UV-vis
spectroscopy analysis was performed for the electrochemi-
cally reduced and p-doped forms of the polymers. In the
reduced state we observed strong absorption bands due to
the interband r — 7 transition of the chain of conjugated
pyrrole rings at 346 nm (3.6 eV) and 390 nm (3.2 eV) for
poly(5) and poly(8), respectively, as shown in Figure 8. It
must be noted that the monomers do not show any absorption
band beyond ca. 300 nm. Our values indicate that poly(5) is
less conjugated than poly(8), and the large band gap can be

explained by a more pronounced twisting from planarity of
the pyrrole rings in poly(S) as a result of the 3,4-disubsti-
tution. Within the gap region, there is an additional band at
ca. 850 nm for both polymers due to the difficulty in
completely reducing the polypyrrole electrochemically to its
totally neutral form, in agreement with previous reports on
other perchlorate-doped polypyrrole films.’*>® Compared
with poly(3-phenylpyrrole)®” and poly(3,4-diphenylpyr-
role),’® the absorbance peaks of the 77 — 77* transition band
in poly(5) and poly(8) are shifted to longer wavelengths,
indicating a more conjugated structure. For the oxidatively
doped polymers, the spectra are characterized by two
absorption bands at 476 nm (2.6 eV) and above 1100 nm
(<1.1 eV) for poly(5) and 495 nm (2.5 eV) and 875 nm
(1.4 eV) for poly(8). These results are consistent with the
formation of bipolaronic states in the as-grown poly(5) and
the coexistence of polaronic and bipolaronic states in the
as-grown poly(8).>*>° Furthermore, such results are in
perfect agreement with the higher doping level calculated
for poly(5).

For the polythiophene derivatives, the absorption maxi-
mum for the interband 7 — 7r* transition is observed at 471
nm (2.6 eV) and 492 nm (2.5 eV) for electrochemically
reduced poly(14) and poly(15), respectively (Figure 8C, D).
The onset of this band was used to determine the optical
band gap of these polymers. Values of 2.1 and 1.95 eV were
calculated for poly(14) and poly(15), which are consistent
with the electrochemical band gaps determined from the
potential differences between the onset of the p- and n-doping
redox waves, namely 2.15 and 2.00 eV for poly(14) and
poly(15), respectively (Figure 6). In spite of the presence of
two carborane units, poly(15) is more conjugated than
poly(14), and its band gap is similar to that reported for
poly(3-phenylthiophene).”® These results and those obtained
for the polypyrrole derivatives allow us to conclude that the
substitution of the phenyl ring by methylcarboranyl group(s)
does not change or increase the mean conjugation length of
the resulting polymers.
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Figure 9. TGA curves of (solid line) poly(8), (dashed line) poly(5), and
(dash-dotted line) polypyrrole in the neutral state under N». Weight of the
polymers: 2.5-3 mg.

The as-grown p-doped poly(14) and poly(15) films were
characterized by one main broad band with a maximum
located at 736 and 762 nm, respectively, along with a weak
shoulder at 446 and 431 nm, respectively. Thus, similarly
to the neutral forms, the main band of the oxidized poly(15)
was red-shifted by the same extent with respect to that of
poly(14). The position of this doping-induced band and the
lowly doped character of the as-grown polymers indicate the
formation of polaronic charge states along the polymer chain.

3.6. Thermal Stability of the Polymers. The covalent
modification of conducting polymers with carborane cages
was also found to dramatically increase the thermal
stability of the polymers. As an example, the thermo-
gravimetric analysis (TGA) of undoped poly(5) and
poly(8) is shown in Figure 9. The TGA was performed
under N; up to 500 °C. Compared with TGA of unsub-
stituted polypyrrole, there is only a slight loss in the mass
of poly(5) (ca. 8%) and poly(8) (ca. 1%) up to 500 °C.
For the parent polymer, there was a continuous loss in
mass, reaching ~40% at 500 °C. These results are in
agreement with those previously reported for a carbora-
nylpyrrole bearing a two methylene spacer between the
pyrrole and carborane units.'®> Unfortunately, similar

experiments with electrogenerated poly(14) and poly(15)
could not been achieved. Indeed, the decrease in the
electropolymerization yield with increasing the film thick-
ness and the weak adherence of these electrogenerated
films to the electrode surface did not enable us to retrieve
a sufficient amount of polymer for further TGA measure-
ments. Attempts to produce more polymer through chemi-
cal polymerization are currently in progress. However, it
is likely that the thermal behavior of the polythiophene
derivatives is similar to that observed for poly(5) and
poly(8). We have recently reported that poly[di(2-thiophe-
nyl)-o-carborane] also shows very high thermal stability.®°

4. Conclusions

A series of 3-mono- and 3,4-disubstituted pyrroles and
thiophenes bearing bulky carborane groups linked via a
methylphenyl spacer have been synthesized via Pd(0)-
catalyzed cross-coupling reactions. This methodology
allows the expeditious preparation of the target compounds
in high yields. Among these, derivatives 5, 8, 14, and 15
yielded the corresponding functionalized conducting poly-
mer films by anodic oxidation in acetonitrile or dichlo-
romethane medium. The pyrrole-based polymers poly(5)
and poly(8) were oxidized at less positive potentials
compared with poly(3-phenylpyrrole) and poly(3,4-diphe-
nylpyrrole), which is consistent with a more conjugated
structure, as supported by UV—vis spectroscopy measure-
ments. The thiophene-based polymers poly(14) and
poly(15) showed reversible p- and n-doping redox waves
in the same potential range than those observed for poly(3-
phenylthiophene). Furthermore, the mean conjugation
length of poly(15) bearing two carborane cages per
monomer unit was unexpectedly similar to that of so-called

(60) Hao, E.; Fabre, B.; Fronczek, F. R.; Vicente, M. G. H. Chem. Commun.
2007, 4387.
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highly conjugated poly(3-phenylthiophene). The electro-
activity of poly(5) and poly(8) was totally degraded when
highly oxidizing potentials were applied. In contrast, this
electrochemical treatment had a limited effect on the
electroactivity of poly(14) and poly(15) which might be
due to the presence of the carborane cages linked to the
polymer matrix. Moreover, the introduction of these
functional moieties was found to dramatically increase the
thermal stability of the polymers.
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